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FIG. 2
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FIG. 3
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FIG. 5
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POROUS FLAME HOLDER FOR LOW NOX
COMBUSTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a U.S. National Phase applica-
tion under 35 U.S.C. 371 of co-pending International Patent
Application No. PCT/US2014/057072, entitled “POROUS
FLAME HOLDER FOR LOW NOx COMBUSTION?, filed
Sep. 23, 2014; which application claims the priority benefit
of U.S. Provisional Patent Application No. 61/887,741,
entitled “POROUS FLAME HOLDER FOR LOW NOx
COMBUSTION?, filed Oct. 7, 2013:; and U.S. Provisional
Patent Application No. 61/881,368, entitled “PROGRESS
AND RECENT ADVANCES USING ELECTRODY-
NAMIC COMBUSTION CONTROL (ECC)”, filed Sep. 23,
2013; which 1s a Continuation-in-part of International Patent
Application No. PCT/US2014/016632, entfitled “FUEL
COMBUSTION SYSTEM WITH A PERFORATED
REACTION HOLDER?”, filed Feb. 14, 2014; each of which,
to the extent not inconsistent with the disclosure herein, 1s
incorporated herein by reference.

BACKGROUND

NOx 1s a pollutant regulated by the EPA and a key metric
of burner performance. Strict new NOx control regulations
are being implemented in several regions of the country
including Texas and California. California’s South Coast Air
Quality Management District’s Rule 1146 required that
burners produce less than 9 ppm of NOx no later than July
2014. Industry groups anticipate that these limits will soon
be turther reduced to as low as 5 ppm 1n some areas with the
rest of the country to follow suit.

To address this challenge, some burner and combustion
system manufacturers have been able to develop systems
that can achieve the NOx targets, but inherent design
tradeotils impose high costs to energy efliciency that become
prohibitive at these very low emissions levels, even with
natural gas at historically low prices.

The biggest cost associated with prior art Low- and
Ultra-Low NOx burners has been the significant loss in
energy elliciency that results. This loss stems directly from
the combined eflect of recirculating flue gas and increasing,
excess air to cool the combustion reaction along with a loss
of turn-down because of flame instability, and can result 1n
substantial 1ncreases i fuel consumption and parasitic
power losses of up to 20-30%.

The market has long pretferred low NOx and Ultra-Low
NOx burners to more costly post-combustion treatment
alternatives such as Selective Catalytic Reduction (SCR)
systems that are more costly to install, complex to operate
and consume considerable quantities of hazardous materials
such as anhydrous ammoma.

SUMMARY

An embodiment demonstrated a 95% reduction 1n NOx
emissions (down to less than 2 ppm) using a prototype
burner based on a porous flame holder 1n a furnace operating,
at a temperature of ~1600 F with O, concentrations ranging
from 2.5% to 3.2% and virtually no CO.

Embodiments achieve reductions in NOx to 2 ppm with-
out costly FGR or SCR systems. In addition, flame length 1s
reduced by up to 80%. And, unlike other low NOX systems,
the burner keeps oxygen at normal operating levels (1-3%),
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2

and can maintain a stable combustion reaction throughout a
wide operating range. Because of these features, the burner
enables significant advantages in fuel efliciency and process
throughput as compared to conventional Low- and Ultra-
low-NOx burners.

Many traditional Low-NOx burners make use of

increased flame length and reduced momentum to reduce
NOx, but the resulting poor °‘flame pattern’ can cause
combustion reaction impingement and coking. Refinery
process heaters are particularly sensitive to this problem, due
to the direct negative impact on product throughput and
plant revenue as the firing rate must be throttled to avoid
equipment damage. According to our analysis, a 3% to 7%
loss 1n firing capacity due to poor tlame pattern can cost
millions of dollars annually in lost process throughput.
Removing this bottleneck could improve plant profitability
by between $12 and $28 million per plant, per vear. This is
of particularly high value because 1t leverages so much
capital plant by increasing capacity.

According to an embodiment, a burner includes a tfuel
nozzle assembly, configured to output a gaseous mixture
including fuel and oxidant, and a porous flame holder
defining a plurality of gas passages, each having a minimum
dimension equal to or greater than a fuel quenching distance,
aligned to receive the gaseous mixture, the gas passages
being configured to pass a combustion reaction supported by
the gaseous mixture. The gas passages each include a wall
configured to receive heat from a reacting portion of the
gaseous mixture, radiate and/or conduct the heat toward an
unreacted portion of the gaseous mixture, and output the
heat adjacent to the unreacted portion of the gaseous mixture
to heat the gaseous mixture. The porous flame holder
maintains stable combustion within the gas passages. The

heat provided to the mixture 1n the gas passages can keep the
combustion reaction stable even at fuel/oxidant mixtures at
or below a lean flammability limit that would be stable 1n a
conventional burner.

According to an embodiment, a method of lowering
combustion NOx includes outputting fuel and oxidant to a
burner, allowing time for the mixture to evolve to a better-
mixed state, and then combusting the mixture inside a
porous flame holder. The the porous flame holder 1s config-
ured to receive heat from the combustion reaction in each of
a plurality of gas passages inside the porous flame holder,
and conduct heat to the mixture suiliciently to cause stable
combustion to be supported 1nside the porous flame holder.

According to an embodiment, a diluted fuel burner
includes a fuel nozzle assembly configured to output a
gaseous mixture including fuel and oxidant, a porous flame
holder defining gas passages aligned to receive the gaseous
mixture, the gas passages being configured to carry a com-
bustion reaction supported by the gaseous mixture, and a
porous tlame holder support structure configured to hold the
porous flame holder away from the fuel nozzle assembly at
a dilution distance selected to allow dilution of the gaseous
mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a cutaway view ol a burner, according to an
embodiment.

FIG. 1B 1s a diagram of a burner, according to another
embodiment.

FIG. 2 1s a side sectional diagram of a plurality of gas
passages ncluded 1n the porous flame holder portion of the
burner of FIG. 1, according to an embodiment.
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FIG. 3 1s a graph of the performance of burner NO_ and
CO emissions performance, according to an embodiment.

FIG. 4 1s a diagram of fuel and combustion air mixing
used to produce a gaseous mixture, according to an embodi-
ment.

FIG. 5 1s a flow chart showing a method for using the

apparatus shown in FIGS. 1A, 1B and 2, according to an
embodiment.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identily similar
components, unless context dictates otherwise. The 1llustra-
tive embodiments described in the detailed description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here.

FIG. 1A 1s a diagram of a burner 100, according to an
embodiment. FIG. 1B 1s a diagram of a burner 101, accord-
ing to another embodiment. Referring to FIGS. 1A and 1B,
The burner 100, 101 includes a fuel nozzle assembly 102
configured to output a gaseous mixture 104 including tuel
and oxidant. A porous tflame holder 106 1s aligned to receive
the gaseous mixture 104 at an upstream surface 108. The
porous flame holder 106 defines a plurality of gas passages
110, each of the gas passages 110 being configured to carry
a combustion reaction supported by the gaseous mixture
104. In some embodiments, each of the gas passages 110 can
have a mimimum lateral dimension equal to or greater than
a flame quenching distance.

FI1G. 2 1s a side sectional diagram 200 of a plurality of gas
passages 110 included in the porous flame holder 106
portion of the burners 100, 101 of FIGS. 1A and 1B,
according to an embodiment. A minimum lateral dimension
D, 1s illustrated. Flame quenching distance refers to a lateral
dimension through which a flame will not pass. There are
two senses 1 which the gas passages 106 have dimensions
D greater than the quenching distance. In both senses, the
flame 1s kept 1n a state of 1gnition within each gas passage
and 1s allowed to pass freely therethrough (although thermal
and acrodynamic eflects described below typically confine
the combustion reaction to occur substantially within the gas
passages 110, between the upstream surface 108 and a
downstream surface 112 of the porous flame holder 106).

In the classical sense, the quenching distance 1s a tabu-
lated value that 1s determined under stoichiometric condi-
tions. It 1s generally considered a property of the fuel and
exists as a tabulated property. Most hydrocarbons have
quenching distances of about 0.1". For example, NACA
Lewis Report 1300 tabulates quenching distance as shown 1n
Table 1.

TABLE 1

FUBRL QUENCHING DISTANCES

HYDROCARBON FUEL QUENCHING DISTANCE

n-Butane 0.12"
Methane 0.10"
Propane 0.08"
Hydrogen 0.025"

The quenching distance represents the diameter of an
orifice such that a stoichiometrically premixed flame cannot
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4

propagate upstream through the orifice mto a premix reser-
volr. The mechanism 1s essentially one of heat abstraction—
the flame giving up too much energy as 1t attempts to
flashback through the orifice.

In contrast to porous flame holders 106 described herein,
radiant burners that support surface combustion must have a
minimum pore size less than the quenching distance for the
particular fuel and temperature to avoid flashback, and 1t
could be considered a tautology that 1f the flame flashes
back, the pore size must be greater than the actual quenching
distance under the operating conditions.

In a second sense, the porous flame holder 106 includes
gas passages 110 that are larger than an operating quenching
distance by virtue of the fact that the porous flame holder
106 1s hot under normal, steady state operating conditions.
As such, the body 202 of the porous tlame holder 106 will
generally not abstract suflicient heat from a flame travelling
through a gas passage 110 to quench the flame even 1f the
dimension D, 1s below the classically defined quenching
distance.

Since this 1s a thermal argument, actual flashback can
occur through the quenching distance 1if the orifice 1s very
hot—for example, 11 a premixed burner reservoir 1s receiv-
ing radiant heat from a hot furnace, e.g., a premix burner 1n
cthylene service. But even so, in general the quenching
distance does not change dramatically mnasmuch as the tlow
of premixed fuel and air 1n the gaseous mixture 104 tend to
cool the upstream end 206 of the walls 204 defining the gas
passages 110. In one range of embodiments, the plurality of
gas passages 110 each have a lateral dimension D, between
0.05 inch and 1.0 inch. Preferably, the plurality of gas
passages 110 have a lateral dimension D, between 0.1 inch
and 0.5 inch. For example the plurality of perforations can
have a lateral dimension D; of about 0.2 to 0.4 inch. In some
embodiments, the gas passages 110 have substantially con-
stant cross sectional areas. In other embodiments, the gas
passages 110 can have non-constant cross sectional areas.

Moreover, the gaseous mixture 104 1s typically introduced
to the upstream surface 108 of the porous tlame holder 106
at a dilution below the lean flammability limit of the fuel
(more on that below).

The gas passages 110 each include a wall 204 configured
to receive heat from an exothermic reacting portion of the
gaseous mixture and from hot products of the exothermic
reaction, transmit the heat toward an unreacted portion of the
gaseous mixture, and output the heat adjacent to an unre-
acted portion of the gaseous mixture. The mventors have
found that heat 1s apparently received from the combustion
reaction along a heat receiving area 208 of the gas passage
110 walls 204 that starts at about 4 of the length L from the
upstream surface 108 to the down stream surface 112 of the
porous flame holder 106 all the way to the downstream
surface 112 of the perforated tlame holder 106. Heat 1s
conveyed upstream along the body 202 of the porous flame
holder 106 through thermal conduction (diagrammatically
depicted as 210), thermal radiation (diagrammatically
depicted as 212), or (most likely) both thermal conduction
210 and thermal radiation 212. Net heat flow from the walls
204 of the gas passages 110 to the incoming gaseous mixture
104 apparently occurs 1n regions 206 that extend from the
upstream surface 108 of the porous flame holder 106 to
about %43 of the length L from the upstream surface 108 to the
downstream surface 112 of the porous tlame holder.

The gas passages 110 are configured to fix a location of
the combustion reaction 1n a flow of the gaseous mixture 104
by virtue of the heat transfer eflects described above. At
steady state operating conditions, the gas passages 110 of the
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porous flame holder 106 are configured to hold the com-
bustion reaction supported by the gaseous mixture 104
substantially between the upstream surface 108 and the
downstream surtace 112 of the porous flame holder 106.

During start-up, after the porous flame holder 106 has
been preheated, but before equilibrium 1s reached, the inven-
tors have noted blue flames extending downstream of the
downstream surface 112 of the porous flame holder 106.
Even in these conditions, however, it 1s believed that a
majority, 1.€. over 50%, of the combustion reaction occurs
between the upstream surface 108 and the downstream
surface 112 of the porous flame holder 106.

In other experiments, the inventors found that a portion of
the combustion reaction can occur 1n a region near and
immediately upstream from the upstream surface 108 of the
porous flame holder 106. This 1s believed to be due to a
combination of conduction (or convection) from the
upstream ends of the porous flame holder body 202 defiming
the walls 204 of the gas passages and tlow stagnation in the
gaseous mixture 104 caused by acrodynamic eflects of the
upstream ends of the flame holder body 202. Aside from
transient eflects, such as pulsing, the majority of the com-
bustion reaction 1s carried within the porous flame holder
106, between the upstream surface 108 and the downstream
surface 112.

The plurality of gas passages 110 can include a plurality
of elongated squares. In another embodiment, the plurality
of gas passages 110 can include a plurality of elongated
hexagons. The porous flame holder 106 can be formed from
VERSAGRID® ceramic honeycomb, available 1from
Applied Ceramics, Inc. of Doraville, S.C., (llustrated in
FIG. 1B) for example In another embodlment the porous
flame holder 106 can be formed from a plurality of tubes
bundled together. In another embodiment, the porous flame
holder 106 can be formed from an interleaved crimped
surface and flat surface coiled together. In another embodi-
ment, the porous flame holder 106 can be formed as a
reticulated fiber mesh. In another embodiment, the porous
flame holder 106 can be formed as a structured or unstruc-
tured packing. In another embodiment, the porous flame
holder 106 can be formed as holes drilled 1n a fiber rein-
forced refractory material (illustrated in FIG. 1A).

In some embodiments the gas passages 110 can pass from
the upstream surface 108 of the porous tlame holder 106 to
the downstream surface 112 of the porous flame holder 106
separately. In other embodiments the gas passages can pass
from the upstream surface 108 to the downstream surface
112 of the porous flame holder with 1ntersections configured
to allow comingling 11 the gaseous mixture 104 or the
combustion reaction supported by the gaseous mixture
within the porous flame holder 106. The porous tlame holder
106 can be constructed of a solid body or of a composite
body, such as reticulated fibers or layered sheets.

The porous flame holder 106 can be formed from a
refractory material such as alumina. Additionally or alter-
natively, the porous flame holder 106 can be formed from
cordierite or mullite. In some embodiments, the porous
flame holder 106 can be formed from a fiber reinforced cast
refractory material. In another embodiment, the porous
flame holder 106 can be formed from a metal superalloy
such as Hastelloy or Inconel.

The mventors found that for a given flow velocity, a larger
dimension D, 1n a gas passage 110 requires a larger length
L. of the gas passage 110 to reach the lowest NOx produc-
tion. For tested combinations, the length L was equal to the
distance between the upstream surface 108 and downstream
surface 112 of the porous flame holder 106. Similarly,
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smaller D, was found to operate effectively with a smaller
gas passage length L. Lengths L tested by the inventors
range Irom about 1 inch to 8 inches, with the larger porous
flame holder 106 thicknesses having larger dimension gas
passages 110. E.g., 2-inch thick porous tlame holders 106
were tested at gas passage sizes corresponding to densities
ranging irom about 16 gas passages 110 per square inch
(nominally a 0.25 inch square gas passage 110) to 100 gas
passages per square inch (nominally a 0.10 1nch square gas
passage 110). A six inch thick porous tlame holder 106 was
tested at a gas passage density of 4 gas passages 110 per
square inch (nominally a 0.5 inch square gas passage 110) to
16 gas passages 110 per square inch.

The inventors tested porous flame holders 106 having
vold fractions between about 0.3 to greater than 0.7. The
vold fraction of a porous flame holder 106 1s defined as the
total area of all gas passages 110, divided by a total area
bounded by the upstream surface 108. Some porous flame
holder 106 embodiments can operate with less than 0.10
vold fraction or more than 0.90 void {raction, but the
inventors believe that a porous tflame holder 106 having a
vold fraction between these limits 1s preferable. At a low
vold fraction, a porous flame holder 106 may exhibit unde-
sirable pressure drop 1n the tlowing gaseous mixture 104.
Between the two tested void fractions, the 0.70 void fraction
porous tlame holder 106, illustrated in FIG. 1B, produced
lower NOx concentration than did the 0.30 void fraction
porous flame holder 106 illustrated 1n FIG. 1A.

The inventors have achieved stable heat outputs ranging
from about 0.114 MBTU/(hr*{t*) (million BTUs per hour
per square foot of porous flame holder surface) to 1.2
MBTU/(hr*{t*) while maintaining 3% O, in the stack. The
inventors believe higher (stable) heat fluxes will probably be
achieved with suflicient heat load to maintain a steady state
temperature.

FIG. 3 1s a graphically depiction 300 of representative
emissions performance achieved by the burner of FIGS. 1A,
1B, and 2 1n one experiment (but representative of many
experiments). The mventors performed numerous observa-
tions and measurements of the 1llustrated effect. Data from
a particular run 1s shown in FIG. 3, wherein oxides of
nitrogen (NOX) concentration 302 and carbon monoxide
(CO) concentration 304 were monitored at the flue with 3%
oxygen (O,) stack concentration. The flue gas temperature
was 1600° F.

During a 7-minute start-up period 306, the porous flame
holder was preheated to reach a start-up temperature char-
acterized by between 800° F. and 1200° F. stack tempera-
ture. Visually, this corresponded to a bright reddish orange
glow at the center of the porous flame holder 106 of the
embodiment 101 shown in FIG. 1B. Pre-heating was per-
formed by a conventional flame held immediately adjacent
to a fuel nozzle (depicted as 114a, 1145, 114 1n FIGS. 1A and
1B). After 7 minutes, the start-up flame was blown ofl the
start-up flame holder (one vanant of a start-up flame holder
116 1s depicted in FIG. 1A), and a gaseous mixture (see 104)
of diluted fuel and combustion air transierred to the porous
flame holder (see 106) where, owing to the elevated tem-
perature of the porous flame holder, the mixture immediately
1gnited.

Upon flame transfer, NOx concentration dropped precipi-
tously from about 120 parts per million (ppm) characteristic
ol a conventional (start-up) flame to under 10 ppm. During
a transition period 308 from 7-minutes to 10-minutes after
start-up, NOx concentration asymptotically approached 3
ppm. After several minutes, NOx output reduced to 2 ppm
or lower. During the transition period, fuel flow rate was
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gradually increased to reach about 1 MBTU/(hr*{t*). During
the transition period 308, the porous tlame holder equili-
brated to a steady state temperature distribution character-
1zed by a bright orange glow. It 1s also shown that CO
emissions were reduced to about 2 ppm.

Subsequent experiments were conducted wherein the
NOx concentration was reduced below the 1 ppm detection
limit of the flue gas sensor.

FI1G. 4 1s a diagram 400 of fuel and combustion air mixing,
used to produce a gaseous mixture 104, according to an
embodiment. The diagram shows a fuel rich region 402 with
an adjacent oxidant rich region 404. Another oxidant rich
region (not shown) would be present to the left of the fuel
rich region 402, but 1s omitted for simplicity. While the fuel
and combustion air flow through a dilution region (see D,
in FIGS. 1A and 1B), mixing occurs 1n vortex cores 406 that
may, to a first approximation, be regarded as being uniform
in composition, having a fuel dilution between that of the
fuel rich region 402 and the oxidant rich region 404.
Between the vortex cores lies a Taylor layer 408, which at
higher respective concentrations of fuel and oxidant than the
concentrations in the vortex cores 406. As the stream 104
flows toward the porous flame holder (see 106), relatively
pure combustion air and relatively pure fuel are engulfed by
the vortex cores 406 in relatively “big gulps™. As the stream
104 flows upward, more and more of the Taylor layer 408 1s
engulifed by the vortex cores to cause the maximum con-
centration of fuel and air, respectively, to diminish.

The first step 1n mixing 1s entrainment. In a free shear
flow, such as the turbulent jet, ambient fluid 404 1s entrained
into the jet 402 by the large-scale engulfment of tongues of
ambient fluid. The edges of the tongues are subsequently
convoluted by the turbulence into progressively smaller-
scale convolutions. According to the leading theory of
turbulent mixing, the mixed tluid resides in only two places,
the Taylor layer 408 associated with the strain rate of the
largest eddies, and the Batchelor layer associated with the
strain rate of the smallest eddies. The thicknesses of the
Taylor and Batchelor layers are given by the plane, strained,
laminar flame solution of Marble. From experiments in
gaseous and aqueous shear layers, 1t turns out that the
amount of mixed fluid 1n the Taylor layer 408 1s about equal
to that in the Batchelor layer 1n a gas flow. The fluid mixed
at the Batchelor scale accumulates in the vortex cores and
becomes essentially volume-filling, as sketched in FIG. 4.

Referring to FIGS. 1A and 1B, according to an embodi-
ment, the fuel nozzle assembly 102 1s configured to mix the
gaseous mixture 104 suiliciently to substantially destroy
Taylor layers 408 between pure fuel and air carrying the
oxidant. In a non-premixed burner 100, 101 1llustrated by
FIGS. 1A and 1B, the fuel nozzle assembly 102 includes one
or more fuel nozzles 114, 114a, 1145 configured to output
substantially pure fuel. The fuel nozzle assembly 102 further
includes a combustion air source 118a, 1185, 118 configured
to provide combustion air. In a non-premixed system, the
combustion air may be provided as natural draft or by forced
draft using, e.g., a blower. As the fuel from the fuel nozzles
114a, 1145, 114 travels upward through a dilution distance
D, 1t entrains combustion air, which causes dilution. Typi-
cally the fuel jet expands at a 15° solid angle (shown
diagrammatically in FIG. 1B), with the entirety of expansion
corresponding to additional combustion air being incorpo-
rated into the fuel.

According to an embodiment, the fuel nozzle assembly
102 1s configured to output the gaseous mixture 104 (includ-
ing fuel and oxidant) to the porous tlame holder 106 with
suilicient air or flue gas to cause the gaseous mixture 104 to
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be fuel-lean of a stoichiometric mixture. In some embodi-
ments, the fuel nozzle assembly 102 1s configured to output
the gaseous mixture 104 substantially at a lean flammability
limit of the fuel. The lean fuel and air mixture 104 can be
used to reduce combustion temperature inside the porous
flame holder 106.

The porous flame holder 106 has been found to output a
significant amount of heat from the combustion reaction as
thermal radiation 212. In other words, the porous flame
holder 106 1s configured to radiate heat away from the
reacting portion of the gaseous mixture. In other words, the
porous flame holder 106 1s configured to radiate heat away
from the combustion reaction supported by the gaseous
mixture 104. The porous flame holder 106 can configured to
radiate heat away from the combustion reaction sufliciently
to cause the gaseous mixture 104 to burn at or below 2000°
F., wherein the gaseous mixture 104 consists essentially of
air, methane, and flue gas from the combustion reaction. In
some embodiments, the porous tlame holder 106 1s config-
ured to radiate heat away from the combustion reaction
suiliciently to cause the gaseous mixture 104 to burn at about
1’700° F., wherein the gaseous mixture consists essentially of
air, methane, and flue gas from the combustion reaction.
Another aspect of the porous flame holder 106 1s that 1t
causes combustion to be completed 1n a very short time,
which reduces the output of thermal NOx.

As described above, the burner 100, 101 can include a
start-up tlame holder 116 configured to hold the combustion
reaction having a richer fuel mixture than the porous flame
holder 106, wherein the start-up flame holder 116 1s con-
figured to support the combustion reaction at a location
configured to pre-heat the porous flame holder 106.

The tuel nozzle assembly 102 can include a single fuel
nozzle 114 or a plurality of nozzles 114a, 1145 configured to
output substantially pure fuel. The fuel nozzle assembly 102
can include an air source 118a, 1185, 118 configured to
output substantially pure air. The fuel nozzle assembly 102
and porous flame holder 106 can be disposed to define a
mixing zone D, configured to allow mixing of the substan-
tially pure fuel with the substantially pure air to produce a
uniform gaseous mixture at the upstream surtace 108 of the
porous flame holder 106.

Alternatively, the burner 100, 101 can be configured as a
pre-mix burner. In a pre-mix burner, the fuel nozzle assem-
bly 102 includes a premixing chamber (not shown) opera-
tively coupled to one or more fuel nozzles 114a, 1145, 114
and one or more air sources 118a, 1185, 118, and configured
to uniformly mix fuel and air to form the gaseous mixture
104. In a pre-mix burner 100, 101, atlame arrestor can be
disposed between the mixing chamber and the porous flame
holder to prevent flashback.

Referring to FIG. 1A, a burner system 100 may include
several spatial and temporal features surrounding a conven-
tional nozzle 114a, 1145. The geometric elements can
include a lower story tile 120, and the porous flame holder
106 supported above the lower story tile 120 by a support
structure 122. When the tuel 1s directed to the lower story
tile 120, the resulting recirculation of the hot gas anchors the
combustion reaction 1n that region. This start-up mode 1s
maintained until a characteristic temperature 1s attained. For
example, the characteristic temperature could be the tem-
perature of the porous flame holder 106 or some related
temperature such as the ultimate system operation tempera-
ture or a switching temperature measured at the flue. Once
the characteristic temperature 1s attained, a switching opera-
tion 1s 1nitiated, which then anchors the combustion reaction
at the porous tlame holder 106. Combustion in the latter
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configuration dramatically reduces NOx via a variety of
mechanisms. For example, so-called thermal NOx 1s a
function of three main factors: flame temperature, oxygen
concentration, and time under such favorable NOx forma-
tion conditions. By increasing the amount of entrained flue
gas, oxygen concentration and NOx-forming species are
diluted. The greater entrainment also provides more thor-
ough mixing and shorter flames and reduced time to form
NOx. Inasmuch as flame chemistry 1s much faster than
tuel/air mixing, flame length 1n diffusion flames 1s primarily
determined by the mixing of fuel and air to form a flam-
mable mixture. By premixing the fuel and air before com-
bustion on the upperstory tile, flame length 1s reduced. Since
flame length 1s one parameter that limits the total heat
output, its decrease allows for greater firing rate 1n a given
furnace leading to greater process throughput.

As 1ndicated above, the porous flame holder 106 plays
two critical roles, according to embodiments. First, the
porous flame holder 106 acts as a flame holder, fixing the
ignition location. Second, the porous flame holder efliciently
radiates energy away Ifrom the hot combustion products,
thereby cooling them. The greater thermal conductivity of
the porous tlame holder 106 as compared to the flue gas also
homogenizes flame temperature. Inasmuch as thermal NOx
formation 1s exponentially related to flame temperature,
small volumes of higher temperature gas (so-called “hot
spots”) can contribute to the lion’s share of NOx formation.
Therefore, a flame with fewer hot spots will generate less
NOx ceteris paribus.

Referring to FIG. 2, the hot combustion products transier
heat to the walls 104 of the porous flame gas passages 110.
Each wall 104 may then radiates infrared and visible energy.
Some of that energy 1s radiated upstream. Combined with
thermal conduction 210 through the perforated flame holder
106, thermal radiation 212 heats each gas passage wall 1n a
region 206 and provides a heating source for the oncoming,
cold reactants flowing into the porous flame holder 106. By
transferring the energy upstream, the residence time of the
unburned reactants in the heated zone 1s increased, which
may improve the turndown ratio of the burner.

Thermal radiation 212 also 1s output toward the furnace
walls and/or other heat loads 1n the system. As a conse-
quence, the temperature of the combustion products is
promptly reduced, lowering the NOx emissions. The solid
surface of the perforated flame holder 106 1s a much better
radiator than the combustion products, especially 1t there 1s
little soot.

Unlike a diffusion flame, the burner 100, 101 of FIGS. 1A,
1B, and 2 delays combustion until suflicient entrainment of
air and flue gas 1nsures low combustion reaction tempera-
tures and low NOx emissions. During operation, combustion
occurs 1n the burner far downstream from the fuel nozzle(s)
114a, 1145, 114, so that every parcel of injected fuel has
mixed with suflicient air to be lean of stoichiometric. The
Taylor layers (see FIG. 4, 408) between pure fuel and air
have been destroved, and the vortex cores 406 are lean.
Consequently, the temperature of the combustion products 1s
relatively low.

FIG. 5 15 a flowchart showing a method 500 of operating
the burners of FIGS. 1A, 1B, and 2 to lower combustion
NOx, according to an embodiment. Prior to the steps of the
method 500, a start-up temperature and/or operating tem-
perature 1s established 1n the porous flame holder. As
described above, establishing a start-up temperature can be
performed by holding a conventional flame held by a
start-up tlame holder 1n a position to cause heating of the
porous tlame holder.
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At step 502, fuel and oxidant are combined 1nto a gaseous
mixture. The gaseous mixture may include a turbulently-
moving gas. In one embodiment, step 502 mcludes output-
ting a substantially pure fuel jet from a fuel nozzle and
outputting substantially pure combustion air from a com-
bustion air source. The fuel jet can entrain the air (including
oxygen as the oxidant). The air may be introduced by natural
convection through an air source concentric to the fuel
nozzle, for example. In other embodiments, the air 1s intro-
duced by forced convection from a blower.

Outputting a substantially pure fuel jet can include oper-
ating a fuel nozzle assembly including a plurality of nozzles
cach configured to output substantially pure fuel. The fuel
nozzle assembly can include an air source configured to
output substantially pure air.

Proceeding to step 504, time 1s allowed for the gaseous
mixture to evolve to a better-mixed state. Step 504 may
include time for turbulent mixing, for example. In the
embodiments of FIGS. 1A and 1B, the mixing time 1is
provided by the dilution distance D, through which the
gaseous mixture travels. The fuel nozzle assembly and
placement of the porous flame holder can define a mixing
zone configured to allow the time for mixing of substantially
pure fuel with substantially pure air to produce a uniform
gaseous mix at the porous flame holder.

Step 504 may include allowing time suflicient to substan-
tially destroy Taylor layers between pure fuel and air car-
rying the oxidant. Step 504 may include providing suilicient
air or flue gas to cause the fuel to be at a lean of stoichio-
metric mixture. Step 504 can include forming the mixture to
be substantially at a lean flammability limit of the fuel.

In step 506 the gaseous mixture 1s introduced into a
porous flame holder. Step 506 can include simultaneously
introducing the gaseous mixture to an upstream surface of
the porous tlame holder such that the gaseous mixture enters
a plurality of gas passages simultaneously. The porous flame
holder can be formed from a refractory material such as
alumina, mullite, and/or cordierite. In another embodiment,
the porous flame holder can be formed from a superalloy
such as Hastelloy or Inconel.

In step 508, the gaseous mixture 1s combusted inside a
porous flame holder. The porous flame holder (see 106) 1s
configured to conduct heat sufliciently to cause combustion
to be supported inside the porous flame holder. The step of
combusting the mixture includes passing the mixture (and a
combustion reaction, and combustion reaction products)
through gas passages of the porous flame holder. In an
embodiment, the gas passages have a minimum dimension
equal to or greater than a quenching distance associated with
the fuel. The gas passages may have substantially constant
cross sectional areas. In an embodiment, the gas passages
are formed at a pitch of 10 per lineal inch across an upstream
surface of the porous flame holder or at a lower pitch (larger
cells). For example, the gas passages can formed at a pitch
of 4 per inch or higher across two dimensions of the porous
flame holder.

Step 508 includes receiving heat evolved from the com-
bustion reaction through walls of the gas passages. The heat
can be radiated, conducted, or radiated and conducted
toward the upstream surface of the porous flame holder. The
hot walls then transfer heat toward unreacted portions of the
gaseous mixture to heat the gaseous mixture up to a com-
bustion temperature. Step 508 also includes radiating heat

away Irom the porous tlame holder to cool the combustion
suflicient to cause the mixture to burn at or below 2000° F.

In some embodiments, the porous tlame holder radiates
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suilicient heat away from the combustion reaction to cause
the mixture to burn at or below 1700° F.

Optionally, steps 502 and 504 can 1include operating a fuel
premixer. Operating the fuel premixer can include using a
premixing chamber to uniformly mix the fuel and oxidant
mixture and disposing a flame arrestor between the mixing
chamber and the porous flame holder.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments are contem-
plated. The various aspects and embodiments disclosed
herein are for purposes of illustration and are not mntended to
be limiting, with the true scope and spirit being indicated by
the following claims.

What 1s claimed 1s:

1. A burner, comprising:

a fuel nozzle assembly configured to output at least one jet
of substantially pure fuel configured to entrain oxidant
to provide a gaseous mixture including the fuel and the
oxidant; and

a porous flame holder defiming gas passages each having
a minmimum lateral dimension equal to or greater than a
fuel quenching distance, the gas passages being aligned
to recerve the gaseous mixture from the fuel nozzle
assembly, the gas passages being configured to pass a
combustion reaction supported by the gaseous mixture;

wherein the gas passages each mclude a respective wall
arranged and configured to receive heat from a reacting
portion of the gaseous mixture at a heat receiving area
of the wall, convey the received heat via at least one of
thermal conduction and thermal radiation to an
upstream portion of the wall adjacent to an unreacted
portion of the gaseous mixture, and transfer the heat to
the unreacted portion of the gaseous mixture within the
gas passage; and

wherein the fuel nozzle assembly 1s configured to mix the
gaseous mixture sulliciently to, as the gaseous mixture
approaches the porous flame holder, substantially
destroy Taylor layers between the substantially pure
fuel and air carrying the oxidant in a structurally
umnterrupted space between the fuel nozzle assembly
and the porous tlame holder.

2. The burner of claim 1, wherein the gas passages are
turther configured to fix a location of the combustion
reaction 1n a flow of the gaseous mixture.

3. The burner of claim 1, wherein the fuel nozzle assem-
bly 1s configured to output the gaseous mixture to the porous
flame holder with suflicient air or flue gas to cause the fuel
to be at a lean of stoichiometric mixture.

4. The burner of claim 3, wherein the fuel nozzle assem-
bly 1s configured to output the gaseous mixture substantially
at a lean flammability limit of the fuel.

5. The burner of claim 1, wherein the porous tlame holder
1s configured to radiate heat away from the combustion
reaction supported by the gaseous mixture.

6. The burner of claim 1, wherein the porous flame holder
1s configured to radiate heat away Ifrom the combustion
reaction sulliciently to cause the gaseous mixture to burn at
or below 2000° F., wherein the gaseous mixture consists
essentially of air, methane, and flue gas from the combustion
reaction.

7. The burner of claim 6, wherein the porous flame holder
1s configured to radiate heat away from the combustion
reaction sufliciently to cause the gaseous mixture to burn at
about 1700° F., wherein the gaseous mixture consists essen-
tially of air, methane, and flue gas from the combustion
reaction.
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8. The burner of claim 1, wherein the gas passages have
substantially constant cross-sectional areas.

9. The burner of claim 1, wherein the gas passages are
formed at a pitch of 10 per inch or less across two dimen-
sions ol the porous flame holder.

10. A burner, comprising:

a Tuel nozzle assembly configured to output at least one jet
of substantially pure fuel configured to entrain oxidant
to provide a gaseous mixture including the fuel and the
oxidant; and

a porous flame holder defining gas passages each having
a minimum lateral dimension equal to or greater than a
fuel quenching distance, the gas passages being aligned
to receive the gaseous mixture from the fuel nozzle
assembly, the gas passages being configured to pass a
combustion reaction supported by the gaseous mixture;

wherein the gas passages each include respective walls
arranged and configured to receive heat from a reacting
portion of the gaseous mixture, radiate or conduct the
heat toward an upstream portion of the wall adjacent to
an unreacted portion of the gaseous mixture, and trans-
fer the heat to the unreacted portion of the gaseous
mixture within the gas passage;

wherein the fuel nozzle assembly 1s configured to, as the
gaseous mixture approaches the porous tlame holder,
mix the gaseous mixture sufliciently to substantially
destroy Taylor layers between the substantially pure
fuel and air carrving the oxidant in a structurally
uninterrupted space between the fuel nozzle assembly
and the porous flame holder; and

wherein the gas passages are formed at a pitch of 4 per
inch or more than 4 per inch across two dimensions of
the porous flame holder.

11. The burner of claim 1, wherein the porous flame

holder 1s formed from a refractory matenal.

12. The burner of claim 1, wherein the fuel nozzle
assembly includes a plurality of nozzles configured to output
substantially pure fuel.

13. The burner of claim 12,

wherein the fuel nozzle assembly includes an air source
configured to output substantially pure air; and

wherein the fuel nozzle assembly defines a mixing zone
configured to allow mixing of the substantially pure
fuel with the substantially pure air to produce a uniform
gaseous mixture at the porous flame holder.

14. A method of lowering combustion NOx, comprising;:

outputting, from a fuel nozzle assembly, at least one jet of
substantially pure fuel and entrained oxidant toward a
porous tlame holder; then

allowing time for a mixture of the fuel and oxidant to
evolve to a better-mixed state while the fuel and the
oxidant traverse a structurally uninterrupted dilution
distance between the fuel nozzle assembly and the
porous tlame holder, the dilution distance selected to
permit said allowing of time; and then

combusting the mixture 1nside the porous flame holder;

wherein walls of gas passages of the porous flame holder
are each configured to radiate or conduct heat, received
from the combusting of the mixture at a heat receiving
region of the respective wall, to an upstream region of
the wall adjacent to an unreacted portion of the mixture,
and transfer the heat to the unreacted portion of the
mixture suiliciently to cause the combustion to be
supported inside the porous tlame holder, and

wherein the dilution distance between the fuel nozzle
assembly and the porous flame holder 1s selected to
permit substantial destruction of Taylor layers between
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the substantially pure fuel and air carrying the oxidant
as the mixture reaches the porous flame holder.

15. The method of claim 14, wherein the step of com-
busting the mixture comprises passing the mixture through
the gas passages of the porous tlame holder, the gas passages
having a mimmum lateral dimension equal to or greater than
a Tuel quenching distance of the mixture.

16. The method of claim 15, wherein the gas passages
have substantially constant cross-sectional areas.

17. The method of claim 15, wherein the gas passages are
formed at a pitch of 10 per inch or less across two dimen-
sions of the porous tlame holder.

18. A method of lowering combustion NOx, comprising:

outputting, from a fuel nozzle assembly, at least one jet of

substantially pure fuel and entrained oxidant toward a
porous tlame holder; then
allowing time for a mixture of the fuel and the oxidant to
evolve to a better-mixed state while the fuel and the
oxidant traverse a structurally uninterrupted dilution
distance between the fuel nozzle assembly and the
porous flame holder, the dilution distance selected to
permit said allowing of time; and then
combusting the mixture nside the porous flame holder;
wherein walls of gas passages of the porous flame holder
are each configured to radiate or conduct heat, received
from the combusting of the mixture, to a portion of the
mixture in another portion of the gas passage suili-
ciently to cause the combustion to be supported nside
the porous flame holder,
wherein the dilution distance between the fuel nozzle
assembly and the porous flame holder 1s selected to
permit substantial destruction of Taylor layers between
the substantially pure fuel and air carrying the oxidant
as the mixture reaches the porous flame holder,

wherein the step of combusting the mixture comprises
passing the mixture through the gas passages of the
porous flame holder, the gas passages having a mini-
mum lateral dimension equal to or greater than a tuel
quenching distance of the mixture; and

wherein the gas passages are formed at a pitch of 4 per

inch or more across two dimensions of the porous flame
holder.

19. The method of claim 15, wherein the gas passages
include a wall configured to receive heat from a reacting
portion of the mixture, radiate the heat toward an unreacted
portion of the mixture, and receive the radiated heat adjacent
to the unreacted portion of the mixture.

20. The burner of claim 14, wherein the step of outputting,
tuel and oxidant further comprises providing suilicient air or
flue gas to cause the fuel to be at a lean of stoichiometric
mixture.

21. The burner of claim 20, further comprising forming,

the better-mixed state of the mixture to be substantially at a
lean flammability limait of the fuel.
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22. The method of claim 14, further comprising config-
uring a radiative property of the porous tlame holder sufli-
cient to radiate heat away from the combustion to cause the
mixture to burn at or below 2000° F., when the gaseous
mixture consists essentially of air, methane, and flue gas
from a combustion reaction.

23. The method of claim 22, further comprising config-
uring the radiative property of the porous flame holder

suflicient to radiate the heat away from the combustion to
cause the mixture to burn at or below 1700° F., when the

gaseous mixture consists essentially of the air, the methane,
and the flue gas from the combustion reaction.

24. The method of claam 14, wherein the fuel nozzle
assembly 1n the step of outputting fuel and oxidant includes
a plurality of nozzles configured to output substantially pure

fuel.

25. The method of claim 24,

wherein the fuel nozzle assembly includes an air source
configured to output substantially pure air; and

wherein the fuel nozzle assembly defines a mixing zone
configured to allow mixing of the substantially pure
fuel with the substantially pure air to produce a uniform
gaseous mix at the porous flame holder.

26. The burner of claim 14, wherein the porous flame

holder 1s formed from a refractory matenal.

27. A diluted fuel burner, comprising:

a Tuel nozzle assembly configured to output at least one jet
of substantially pure fuel and to entrain oxidant to
produce a gaseous mixture including the fuel and the
oxidant;

a porous flame holder defining gas passages aligned to
receive the gaseous mixture from the fuel nozzle
assembly, the gas passages being configured to carry a
combustion reaction supported by the gaseous mixture;
and

a porous flame holder support structure configured to hold
the porous flame holder away from the fuel nozzle
assembly at a structurally unminterrupted dilution dis-
tance selected to allow dilution of the gaseous mixture;
wherein the dilution distance 1s selected to permit

substantial destruction of Taylor layers between the
substantially pure tuel and air carrying the oxidant as
the mixture approaches the porous flame holder.

28. The diluted tuel burner of claim 27, wherein the gas

passages mclude respective walls each configured to receive
heat from a reacting portion of the gaseous mixture, radiate
or conduct the heat toward an upstream region of the wall
adjacent to an unreacted portion of the gaseous mixture, and
transier the heat into the unreacted portion of the gaseous
mixture within the gas passage.

29. The burner of claim 1, wherein the gas passages have

non-constant cross-sectional areas.

30. The burner of claim 1, further comprising a natural

draft, non-pressurized oxidant source.
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